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LIM class homeobox genes code for a family of transcriptional regulators that encode important determinants of cell lineage
and cell type speci®city. The lim3 gene from the zebra®sh, Danio rerio, is highly conserved in sequence and expression
pattern compared to its homologs in other vertebrates. In this paper we report immunocytochemical analysis of Lim3
protein expression in the pituitary, pineal, hindbrain, and spinal cord of the embryo, revealing an asymmetrical, lateral
and late program of pituitary development in zebra®sh, distinct from the pattern in other vertebrates. We studied Lim3
expression in no tail, ¯oating head, and cyclops mutant embryos, all of which have midline defects, with special reference
to spinal cord differentiation where Lim3 marks mostly motoneurons. cyclops embryos showed essentially normal Lim3
expression in the hindbrain and spinal cord despite the absence of the ¯oor plate, while no tail mutant embryos, which
lack a differentiated notochord, displayed an excess of Lim3-expressing cells in a generally normal pattern. In contrast,
Lim3-positive cells largely disappeared from the posterior spinal cord in ¯oating head mutants, except in patches that
correlated with remnants of apparent ¯oor plate cells. These results support the view that either notochord or ¯oor plate
signaling can specify Lim3-positive motoneurons in the spinal cord.
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INTRODUCTION in the spinal cord (Tsuchida et al., 1994; Varela-Echavarria
et al., 1996). Key to understanding developmental biology
The development and maintenance of the diverse cell is a knowledge of transcription factor expression. A change
types of the nervous system often depend upon the combi- in the expression of such factors is usually a precondition
natorial expression of multiple transcriptional regulators. for a change in the differentiation state of a cell. Therefore,
A good example is the combinatorial use of LIM homeodo- changes in the expression of transcription factors often pre-
main proteins in spinal cord cell type speci®cation (re- cede the appearance of detectable morphological character-
viewed in Lumsden, 1995; Daston and Koester, 1996; Ta- istics, and are necessary for the regionalization and/or the
nabe and Jessell, 1996). Additionally, individual genes are differentiation of cells in complex tissues, such as the brain
used repeatedly in different contexts throughout develop- (Krauss et al., 1991; Macdonald et al., 1994; Toyoma et al.,
ment. For example, the LIM class homeobox gene, lim1/ 1995a).
Lhx-1, is involved in the initial speci®cation of the head One class of transcription factors that are widely involved
region during early pattern formation in the gastrulating in embryogenesis is the LIM homeobox gene family. LIM-
embryo (Taira et al., 1992, 1994b; Shawlot and Behringer, class homeobox genes are characterized by genes encoding
1995), while in later embryogenesis it plays a role in kidney proteins with two LIM domains amino-terminal to a ho-
development (Fujii et al., 1994; Taira et al., 1994a; Karava- meodomain. The homeodomain, which characterizes a
nov et al., 1996) and in motoneuron subtype speci®cation large superfamily of transcription factors, is well docu-
mented as a developmentally important DNA binding do-
main. The LIM domain is de®ned by a cysteine-rich motif1 To whom correspondence and reprint requests should be ad-
consisting of xxCxxC17±19HxxCxxCxxCxx16±20Cxx[D/H/dressed at Laboratory of Molecular Genetics, Building 6B, Room
C]x. LIM domains bind zinc (Michelson et al., 1993; Archer413, NICHD/NIH, Bethesda, MD 20892. Fax: 301-496-0243. E-mail
idawid@nih.gov. et al., 1994) and mediate protein±protein interactions
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(Feuerstein et al., 1994; Schmeichel and Beckerle, 1994; tions affecting axial structures have nervous system pat-
terning defects visualized by Lim3 staining; these pat-Agulnick et al., 1996; Jurata et al., 1996). Several members
of the LIM homeobox gene subclass have been isolated from terning defects change in severity and character along the
anterior±posterior axis of the embryo.vertebrates and are shown to be conserved between different
species with respect to sequence and expression patterns
(Dawid et al., 1995). In general, LIM homeobox genes are
widely expressed throughout development in complex and MATERIALS AND METHODS
often overlapping patterns, implicating these genes in a vari-
ety of regulatory events.
AnimalsWe are particularly interested in the lim3 gene, which
has a relatively simple expression pattern in comparison Zebra®sh embryos were obtained by natural mating and raised
to other LIM homeobox genes. In all vertebrate organisms as described (Wester®eld, 1995). Staging was carried out according
examined, the expression of lim3 is restricted to the pitu- to Kimmel et al. (1995). The cyclops, cycb16, and no tail, ntlb160
mutant lines were a gift from C. Kimmel and K. Hatta (Universityitary gland, the pineal gland, the hindbrain, and ventral spi-
of Oregon, Eugene, OR). The ¯oating head mutant line ¯hn1 was anal cord, and the retina (Taira et al., 1993; Seidah et al.,
gift from M. Halpern (Carnegie Institution, Baltimore, MD).1994; Zhadanov et al., 1995a). Expression of lim3 in the
spinal cord of mouse, chicken, and zebra®sh is particularly
interesting because the expression of two or three LIM ho-
Isolation and Characterization of lim3 Genomicmeobox genes in combination is correlated with the speci-
Clones®cation of particular motoneural cell fates (Tsuchida et al.,
1994; Appel et al., 1995; Pfaff et al., 1996). The Lhx3 gene The entire coding sequence of Xenopus Xlim-3 (Taira et al., 1993)
(the mouse ortholog of lim3) is required for pituitary gland was used to synthesize a random primed [32P]dCTP-labeled DNA
development as shown by the absence of the anterior and probe using the Prime-It II kit (Stratagene). Approximately 1 1 106
intermediate lobes in Lhx3 knockout mice (Sheng et al., plaques from a zebra®sh Lambda DASH genomic library (gift of B.
1996). Additionally, Lhx3 (also named P-Lim, Lim3) and Pit- Jones and M. Petkovich, Queen's University, Ontario, Canada)
were screened at reduced stringency (Sambrook et al., 1989). Hy-1, a pituitary-speci®c POU homeodomain protein, synergis-
bridization was at 307 C in standard hybridization buffer containingtically activate the a-glycoprotein subunit (a-GSU) pro-
50% formamide, and the ®nal wash was in 21 standard salinemoter. This indicates a speci®c role for Lhx3 in hormone
citrate (SSC) and 0.1% sodium dodecyl sulfate (SDS) at 307C for 30gene regulation (Bach et al., 1995).
min. Overlapping restriction fragments from positively hybridizingIn zebra®sh, examination of gene expression patterns can
clones were subcloned into Bluescript SK(/) (Stratagene), and rele-
be correlated with a well-described morphological develop- vant regions were sequenced. All sequences were assembled and
ment of the nervous system (Kimmel et al., 1982; Myers et analyzed using the Wisconsin GCG Package, version 8.
al., 1986; Chitnis and Kuwada, 1990; Trevarrow et al., 1990;
Wilson et al., 1990; Ross et al., 1992; Schmitz et al., 1993).
A deeper understanding of the molecular basis of nervous Isolation and Characterization of lim3 cDNA
system development is gained when the analysis of gene Clones
expression is applied to zebra®sh mutants that disrupt pro-
The cDNA sequence representing lim3 as depicted in Fig. 1Bcesses integral to the elaboration of the nervous system
was assembled in three steps. First, approximately 1 1 106 plaques(Allende and Weinberg, 1994; Barth and Wilson, 1995; Mac-
from a zebra®sh post-somite stage Lambda ZAPII cDNA librarydonald et al., 1995; Brand et al., 1996; Heisenburg et al.,
(made by R. Riggleman and K. Helde; provided by D. Grunwald,1996; Jiang et al., 1996; Schier et al., 1996; Beattie and Eisen,
University of Utah, UT) was screened with a 424-bp polymerase1997).
chain reaction (PCR)-generated fragment representing the lim3-
Here we report the genomic organization, primary struc- coding sequence of exon V. Five identical clones were isolated and
ture, and mRNA expression patterns of the lim3 gene, all analyzed by partial sequencing. Second, a cDNA representing most
of which are highly conserved among vertebrates. Further, of the lim3-coding region, pIS8, was generated by PCR as previously
we analyze the expression patterns of Lim3 protein during described (Appel et al., 1995). The remaining 5* sequence of lim3
was generated by the RACE (rapid ampli®cation of cDNA ends)zebra®sh embryogenesis using polyclonal antibodies raised
procedure (Frohman et al., 1988) using the 5*-AmpliFINDER RACEagainst mouse Lhx3 (Lim3). The high resolution of this anal-
kit (Clonetech). Template mRNA was isolated from adult pituitaryysis, which demonstrates the utility of heterologous anti-
and hindbrain. The following primers were used: reverse transcrip-bodies in whole-mount immunohistochemistry, reveals an
tion, L2R1, 5*-TCTGTTTGGCCGTCTCG; ®rst ampli®cation,unexpected ontogeny for pituitary development in the ze-
L2R2, 5*-CAGGTAGTACTCGTCCC; second ampli®cation, L1R3,bra®sh. Finally, three aspects of Lim3 regulation and func-
5*-GAAGAAGTCGTCTTTGC. The ®nal ampli®cation product
tion are ascertained by analysis of Lim3 expression during was cloned into pCR-Script SK(/) (Stratagene) and 12 independent
embryogenesis in mutant and wild-type embryos. First, clones were completely sequenced.
Lim3 is functioning in highly speci®c but widely different Expression of lim3 RNA was determined by whole-mount in situ
contexts. Second, the regulation of Lim3 expression appears hybridization as previously described (Toyama et al., 1995b), using
pIL8 as template for the probe.to be different in each context. Finally, embryos with muta-
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Lhx3 (Lim3) Antibodies generated from the coding sequence of the Xenopus Xlim-
3 cDNA (Taira et al., 1993), and ten positively hybridizing
Polyclonal antibodies to mouse Lhx3 were generated by fusing
clones were isolated. Two clones, l1L3 and l20L3, werethe C-terminal region of the protein downstream of the homeobox
further characterized by restriction mapping and sequenc-(amino acids 249 to the C terminus at residue 402; Zhadanov et
ing (Fig. 1A), indicating that these clones code for zebra®shal., 1995a) in frame to the glutathione S-transferase gene in the
lim3. Clone l20L3 contains the 5* most sequences of thepGEX2T vector (Pharmacia). Puri®ed soluble fusion protein was
injected into rabbits to produce antibodies. Puri®ed IgG fractions lim3 gene obtained in this screen. The sequence from l20L3
were isolated using the Sure-Pure IgG Puri®cation kit (Pierce). begins in the ®rst intron starting approximately 3.9 kbp
upstream from the second exon. From the start of the second
exon, the transcription unit contains ®ve exons spanningWhole-Mount Immunohistochemistry
about 10 kbp. The location of the intron/exon borders are
Whole-mount immunohistochemistry was performed using completely conserved with the mouse gene (Zhadanov et
standard procedures (Toyama, 1995b) with some minor modi®ca- al., 1995b). Exons II and III code for the ®rst and second
tions. Brie¯y, embryos were ®xed in MEMFA (0.1 M Mops, 2 mM LIM domains, respectively, and are separated by a 1302-bp
EGTA, 1 mM MgSO4, 3.7% formaldehyde) for 20 min at room intron II. Separating the LIM domain from the homeodo-
temperature. Chorions were removed while in the ®xative; the main is a 3.4-kbp intron III. Exons IV and V code for the
embryos were washed in PBS and then stored in MeOH at 0207C.
homeodomain which is interrupted at the beginning of theThe concentration of blocking agents was increased from the stan-
third helix by a 1.9-kbp intron IV. Following the 831-bpdard procedure such that the new blocking solution contains 2%
intron V, exon VI codes for the tail region and containsBMB blocking reagent (Boehringer Mannheim), 2% BSA, and 10%
some or all of the 3* noncoding region of lim3 (Fig. 1A).lamb serum (heat inactivated, 557C, 1 h), in MAB (0.1 M maleic
The genomic organization of LIM homeobox genes is con-acid, pH 7.5, 150 mM NaCl). IgG-puri®ed anti-Lim3 polyclonal
antibodies were used at a 1:6000 to 1:8000 dilution. The secondary served among vertebrates. The coding sequence is typically
antibodies were sheep anti-rabbit IgG conjugated to alkaline phos- interrupted by four to ®ve introns (Bertuzzi et al., 1996).
phatase (Boehringer Mannheim, No. 1214 632). The secondary anti- There is an intron between the ®rst and second LIM do-
bodies were preabsorbed against mixed stage zebra®sh embryos mains, between the second LIM domain and the homeodo-
and used at a 1:800 dilution. The color was developed with NBT main, and an intron that interrupts the homeodomain. The
(nitroblue tetrazolium chloride) and X-Phos (5-bromo-4-chloro-3-
last intron divides the carboxy-terminal domain into con-indolyl phosphate), usually overnight at 237C.
served and nonconserved sections. These features are alsoAfter staining with the anti-Lim3 antibodies, the second anti-
observed in the zebra®sh lim3 gene (Fig. 1A), with the in-body was applied. The following antibodies and concentrations
tron/exon positions being completely conserved betweenwere used for double labeling: zn12 (Trevarrow et al., 1990), 1:2000;
zebra®sh and the mouse. However, the zebra®sh gene ap-S-antigen (NEI 04111083, I. Gery), 1:2000; MZ15 (Smith and Watt,
1985), 1:300. Sheep anti-mouse IgG conjugated to horseradish per- pears to differ from the mouse gene at the 5* end. In the
oxidase (Amersham, 1:100) was used as secondary antibody for the mouse gene, differential splicing creates two mRNAs en-
zn12 and MZ15 staining, and developed with peroxidase and diami- coding alternative amino-terminal sections of the protein
nobenzidine (DAB, Sigma). The secondary antibody used for the S- (Zhadanov et al., 1995a). We ®nd no evidence for alternative
antigen staining was the same as for Lim3, but the color was devel- splicing in zebra®sh since all 5* RACE products code for
oped with Vector red (Vector Laboratories).
the same message. However, the ®rst intron in zebra®sh is
at least 3 kb in length, and therefore, further analysis will
be required to identify the initiation site of transcriptionEmbryo Preparation and Photography
and the properties of the 5* end of the mRNA.
The embryos were cleared stepwise into 100% glycerol, viewed, cDNA/primary structure. Sequences representing lim3
and photographed with Zeiss Axiophot microscope under Normar-
mRNA were assembled by a combination of cDNA libraryski optics. The cross section in Fig. 4F was obtained by cutting
screening and PCR techniques (see Materials and Methods)thick sections by hand with a razor blade. The sections in Figs. 5E
to give the complete assembled lim3 cDNA of approxi-and 5F were obtained by embedding stained embryos in plastic
mately 3.2 kbp (Fig. 1B). The leader sequence is 143 nucleo-using the JB4 embedding kit (Polysciences), and cutting 10-mm sec-
tions. The photographs in Figs. 5F and 7D were captured with a tides (nt) before the initiator methionine. The predicted
LEAF digital camera and directly imported into Adobe Photoshop Lim3 protein is 398 amino acids (aa) in length. The ®rst
3.0 running on a Power Macintosh. Image processing consisted of LIM domain (Fig. 1A) extends from aa 28 to aa 79, the second
cropping and resizing, contrast enhancement, color correction, and LIM domain (Fig. 1B) extends from aa 87 to 142, and the
brightness, hue, and saturation adjustments. homeodomain extends from aa 155 to 213. The 3* noncod-
ing region is approximately 1820 nt beyond the stop codon
and contains a potential poly(A) addition signal sequenceRESULTS AND DISCUSSION 24 bp from the end of the clone.
Comparisons of the predicted amino acid sequence of ze-
The Zebra®sh lim3 Gene bra®sh Lim3 with Lim3 sequences from other organisms
show a high degree of conservation (Fig. 1C). Among verte-Genomic organization. A zebra®sh Lambda DASH ge-
nomic library was screened at low stringency with a probe brate LIM-homeodomain proteins, sequence conservation
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FIG. 1. Sequence and organization of the zebra®sh lim3 gene. (A) Schematic illustration of the genomic organization of lim3. The intron/exon
organization of the gene is shown, ®lled boxes signify protein-coding exons and are numbered II±VI. The location of the ®rst exon on the genomic
DNA has not been determined. The data are based on the analysis of two clones as shown; ®lled bars identify regions that have been sequenced.
E, EcoRI; Sac, SacI; S, SalI; X, XbaI; Xo, XhoI restriction sites. (B) Schematic representation of the lim3-coding region as derived from cDNA
clones shown below. The two LIM domains are identi®ed as A and B, the homeodomain is labeled HD. Cross-hatching indicates highly conserved
regions of the carboxy tail. Intron positions are indicated by triangles. The 3*-untranslated region of 1.8 kbp has not been sequenced. (C) Alignment
of zebra®sh Lim3 amino acid sequence with Lim3/Lhx3 proteins from Xenopus laevis and the mouse, and Lim1 from zebra®sh. Dash, identical
residue; dot, space inserted for alignment. The LIM A and B domains and the homeodomain are boxed. Triangles identify intron positions.
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between orthologs in different species is higher than simi- C-terminal mouse Lhx3 (Lim3) fusion protein. As described
in more detail elsewhere (Karavanov et al., unpublished),larity between paralogs (Dawid et al., 1995). This is also
true for Lim3. In Lim3 conservation is seen not only in this antibody is speci®c for Lhx3. The absence of cross-
reactivity to the highly paralogous Lhx4/Gsh-4 protein orthe LIM and homeodomains, but also in other parts of the
protein. A comparison between the orthologous zebra®sh, any other mouse gene product was shown most clearly by
the absence of all staining in homozygous Lhx3-de®cientXenopus, and mouse Lim3 proteins with the parologous
zebra®sh Lim1 proteins shows that there are additional re- mice. As predicted on the basis of the high degree of conser-
vation between mouse and zebra®sh Lim3 proteins (Fig.gions of sequence conservation outside of the highly con-
served LIM and homeodomains (Fig. 1C). A region of 45 1C), these antibodies stain zebra®sh embryos. The speci®c-
ity of these mouse antibodies for zebra®sh Lim3 is sup-amino acids immediately following the homeodomain is
highly conserved among Lim3 proteins; this same region is ported by the correlation between antibody staining and
lim3 mRNA expression as determined by in situ hybridiza-often conserved among other orthologous groups in the LIM
homeodomain gene family. Of note is the highly conserved tion. In all cases, Lim3 protein accumulation in the nucleus
was detected with a delay of approximately 1 h after lim335-amino-acid region at the carboxy-terminus of the Lim3
protein. This region shows no signi®cant similarity to other mRNA was detected, except in the rostral hindbrain where
lim3 mRNA is present at an early stage but protein accumu-proteins in the GenBank/EMBL database except for the
highly similar Lim3 paralog, Lhx4/Gsh-4. lation is delayed.
An overview of the pattern that has emerged in the 28-hIt is common in this group of proteins to ®nd pairs of
highly similar paralogs, e.g., Isl-1 and Isl-2, or Lim1 and embryo is shown in Fig. 2, with Lim3 immunopositive cells
evident by dark brown-stained nuclei. Zebra®sh embryosLim5 (Dawid et al., 1995). This is also true for Lim3 in that
the mouse contains a very similar gene named Gsh4 or Lhx4 express Lim3 in motoneurons and interneurons in the hind-
brain and spinal cord, in a subset of cells in the pituitary,(Li et al., 1994). This gene is expressed at very low levels
in the mouse, and no putative ortholog has yet been de- and in the epiphysis. This pattern agrees well with the ex-
pression domain of the homologous genes in other verte-tected in the zebra®sh. While such closely similar pairs of
genes may suggest functional redundancy, it is clear that the brates (Taira et al., 1993; Seidah et al., 1994; Zhadanov et
al., 1995a). The late arising expression of Lim3 in the eyeablation of Lim-1/Lhx1 or Lim-3/Lhx3 genes in the mouse
results in severe phenotypes (Shawlot and Behringer, 1995; was not studied in this work, but preliminary results indi-
cate that this protein is present in the neural retina at 6Sheng et al., 1996).
mRNA expression. The expression of lim3 mRNA was days (unpublished results). The expression of Lim3 in the
spinal cord, hindbrain, pituitary, and epiphysis of wild-typeanalyzed by whole-mount in situ hybridization utilizing the
PCR generated cDNA clone pIS8 (Fig. 1B) to generate DIG- and mutant embryos is discussed in the following sections.
labeled antisense lim3 RNA probe. In situ hybridization
experiments (not shown) revealed that lim3 mRNA is ex-
Lim3 Expression in the Spinal Cord and Hindbrainpressed during zebra®sh embryogenesis in a manner that is
highly conserved when compared to Xenopus and mouse Previous studies have shown that lim3 mRNA is ®rst
detected at the 3-somite stage in regions of the prospectivelim3 mRNA expression (Taira et al., 1993; Seidah et al.,
1994; Zhadanov et al., 1995a). Four sites are noted during spinal cord and posterior hindbrain in bilateral, discontinu-
ous, longitudinal columns bordering the ¯oor plate (Appelearly embryogenesis. The ®rst site of lim3 mRNA expres-
sion is in primary motoneurons of the spinal cord. Subse- et al., 1995). Lim3 protein is ®rst detectable in nuclei of
cells in the same region at the 5-somite stage. By the 10-quently, expression is seen in selected sites of the hindbrain
and in more cells in the spinal cord, such as secondary somite stage, Lim3 protein expression is more regular, but
still restricted to the posterior hindbrain and the spinal cord,motoneurons. By the 20 somite stage, lim3 mRNA expres-
sion can be detected in the pituitary anlage as two small with approximately nine Lim3-positive cells anterior to the
®rst somite (Figs. 3A and 3B). These cells appear to be con-areas lateral to the anteriormost neural tube. These two
regions of pituitary lim3 mRNA expression soon coalesce tinuous with, and have similar spacing as, the spinal cord
motoneurons, although the rostralmost cells are spreadat the anterior midline, which then translocates caudally.
The fourth region of lim3 mRNA expression is in the epiph- slightly farther apart. In the spinal cord, three to four cells
on either side of the midline express Lim3 protein in eachysis beginning around 23 h postfertilization and continuing
until at least 48 h. Although the results of our in situ hybrid- ``segment'' corresponding to a somite. These cells, as shown
by single cell labeling coupled with in situ hybridization,ization experiments are informative, immunocytochemis-
try affords higher resolution; therefore, here we report only likely correspond to the primary motoneurons, CaP, VaP,
and MiP, RoP, and possibly the VeLD interneuron (Appelthe results of our immunohistochemical analysis.
et al., 1995).
Expression of Lim3 Protein during Zebra®sh As development proceeds, an expanding number of cells
Embryogenesis in the ventral spinal cord express Lim3. At the same time,
the anteriormost domain moves rostrally, but not as far asTo analyze the expression of the Lim3 protein, we raised
polyclonal antibodies to a glutathione S-transferase (GST)/ the sixth rhombomere. These Lim3-positive cells resolve
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FIG. 2. Expression of Lim3 is limited to the pituitary, epiphysis, hindbrain, and ventral spinal cord in 28-h zebra®sh embryos. The
expression of Lim3 protein in zebra®sh was determined by whole-mount immunohistochemistry using anti-Lim3 antibody. At 28 h
postfertilization, Lim3 protein expression is restricted to nuclei of the pituitary anlage (p), the epiphysis (e), the hindbrain, and the spinal
cord. OT, otic vesicle. The approximate posterior borders of the ®rst four somites are indicated with hash marks. The staining in the eye
lens is artifactual, due to nonspeci®c trapping of the antibody. Scale bar is 100 mm.
FIG. 3. Expression of Lim3 protein in 10-somite-stage zebra®sh embryos. (A and B) Ten-somite-stage embryos stained as whole mounts
were dissected from the yolk and ¯atted under a coverslip. Anterior is to the left. Three to four Lim3-positive cells are seen in each
segment associated with each somite. The ®rst somite is indicated by an asterisk. Scale bars are 50 mm. (A) Lateral view, dorsal is up.
Lim3-positive cells are in a ventral position in the hindbrain and spinal cord. (B) Dorsal view. The Lim3-positive cells in the hindbrain
appear to be continuous with those of the spinal cord.
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FIG. 4. Expression of Lim3 in the hindbrain and spinal cord in 28-h embryos. Anterior is to the left except in F. (A) Lateral view of the
hindbrain and anterior spinal cord. Dorsal is up. Lim3-positive cells in the hindbrain extend to rhombomere 4, just anterior to the otic
vesicle, OT (brackets). Two rows of Lim3-positive cells are seen in the posterior hindbrain, one row appearing to be continuous with the
ventral spinal cord cells. The ®rst somite is marked with an asterisk, and the ®rst three somite borders are indicated. (B) Ventral view of
the hindbrain. Three clusters of Lim3-positive cells are seen in the center of rhombomeres 4, 5, and 6. Rhombomeres 3±6 are numbered,
with arrows indicating the location of the rhombomere borders. OT, otic vesicle. (C) Lateral view of the spinal cord. Lim3-positive cells
are arranged segmentally along the ventral spinal cord. The plane of focus is at a slight angle so that super®cial structures are anterior
and deeper structures are posterior. At the anteriormost side, somite boundaries are clearly seen (hash marks). Next, the Lim3-positive
cells come into focus slightly above the midline in the ventral spinal cord. At the midline, the ¯oor plate (FP) and notochord (N) are in
focus. Toward the posterior, the Lim3-positive cells on the deeper side of the midline come into focus. (D) Closeup lateral view of the
spinal cord. The stained nuclei of the segmentally arranged cells are clearly seen. (E) Lateral view of the spinal cord, double labeled with
anti-Lim3 (purple) and zn12 (brown) antibodies. The zn12 monoclonal antibody recognizes the L2/HNK1 epitope on many neurons. Cells
with Lim3-stained nuclei also have ventrally projecting axons that stain with zn12, whereas not all cells with zn12-labeled ventrally
projecting axons express Lim3. An example of a double-labeled ventrally projecting motoneuron (MN) is indicated, along with a probable
interneuron (IN) that is negative for Lim3 and positive for zn12. The soma and axons of the dorsally located Rohon±Beard (RB) sensory
neurons label heavily with zn12. The zn12 immunoreactive myosepta are prominent. (F) Cross section through the anterior spinal cord.
The Lim3-positive cells are in a ventrolateral position on both sides of the midline well separated from the ¯oor plate cells and the
notochord (N). Scale bar is 100 mm in A and C, 50 mm in B, D, and E, and 60 mm in F.
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FIG. 5. Expression of Lim3 in the spinal cord of no tail (ntl) and ¯oating head (¯h) mutant zebra®sh. Twenty-eight-hour embryos were
dissected from the yolk and ¯atted under a coverslip (A±D), or sectioned (E,F). Anterior is to the left, except in E. (A) Ventral view of the
anterior spinal cord in a ntl mutant. There is clear separation of Lim3-positive cells across the midline. The ®rst somite is marked with
an asterisk and somite borders are indicated by hash marks. (B) Lateral view of ntl embryo at the level of the trunk. The Lim3-positive
cells are restricted to the ventral spinal cord, but with a slightly broader distribution than in the wild type and an apparent loss of
segmental organization. (C) Ventral view of an ¯h-mutant anterior spinal cord. The ®rst somite is marked by an asterisk. An excess
number and loss of organization of Lim3-positive cells is observed in the anterior spinal cord of the mutant embryos. Variably, around
the level of the ®fth somite, the midline separation of Lim3-positive cells breaks down (arrows). (D) Lateral view of ¯h embryo at the
posterior end of the trunk. At this level, areas with unorganized clumps of Lim3-positive cells alternate with areas lacking Lim3-positive;
in the tail of ¯h mutants there is no Lim3 expression. (E) Cross section of ¯h-mutant anterior spinal cord, double labeled with anti-Lim3
antibody (purple) and monoclonal antibody MZ15 which stains notochord and ¯oor plate (brown). MZ15 staining is seen only on the
ventricular surface of the spinal cord, and Lim3-positive cells are present across the midline. In ¯h mutants, axial mesodermal cells are
transfated from notochord to somitic mesoderm (S). (F) Parasagital section of the posterior trunk region of a Lim3 (purple) and MZ15
(brown) double-labeled ¯h mutant embryo. Lim3 expression correlates with expression of MZ15. Scale bar is 50 mm in A±D and F, and
70 mm in E.
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into two columns in the ventral posterior hindbrain, one calfe et al., 1990), ventrally projecting axons could be visual-
ized emerging from cells that are positive for Lim3 (Fig. 4E).ventral and the other slightly more dorsal. At the 23-somite
stage the ®rst Lim3-expressing cell in the sixth rhombomere However, not all cells with zn12-positive ventrally project-
ing axons stained with Lim3. This clearly shows that allis seen, and by the 26-somite stage cells in the center of the
fourth and sixth rhombomeres are labeled. It is noteworthy Lim3-positive cells in the spinal cord are neurons.
that these two regions express lim3 mRNA continuously
from the 5-somite stage. In these cells lim3 mRNA is de-
Alteration of Lim3 Expression in ntl, ¯h, and cyctected at approximately the 5-somite stage, but is not trans-
Mutant Embryoslated until the 19-somite stage since antibody staining was
seen only at this time. This result implies that lim3 gene Signaling from axial mesodermal and ectodermal struc-
tures in¯uences patterning of the zebra®sh nervous system.expression is regulated by posttranscriptional mechanisms
in these cells. We examine Lim3 expression in three mutants with dis-
rupted axial signaling. The alteration of Lim3 expressionBy 28 h, three prominent Lim3-positive clusters are la-
beled at the centers of the fourth, ®fth, and sixth rhombo- patterns in these mutants re¯ects multiple patterning de-
fects which change in severity and character along the ante-meres (Figs. 4A and 4B). Additionally the Lim3 expression
domain of the posterior hindbrain appears to continue to rio-posterior axis of the embryo. The three mutants we ex-
amine, ntl, cyc, and ¯h, each affect axial structures at differ-move rostrally. The number of Lim3-positive cells in the
three rhombomere clusters expands continuously through- ent rostral-to-caudal regions. Each mutant is discussed
below.out the next day of development, somewhat obscuring the
segmental pattern of these clusters by the high pectoral no tail. ntl mutant embryos lack a differentiated noto-
chord and are de®cient in the caudal half of their bodiesstage (not shown). Clearly, Lim3 expression is not obliga-
tory for all motoneurons in the brain since we did not detect (Halpern et al., 1993). The ntl gene is the zebra®sh homolog
of the mouse brachyury or T gene (Schulte-Merker et al.,antibody staining in motoneurons in the rostral hindbrain
and midbrain. 1994). Although ntl mutants lack a differentiated noto-
chord, nervous system differentiation appears largely unaf-In the spinal cord of the 28-h embryo the expression pat-
tern of Lim3 develops so that the protein is seen in the fected in the head and trunk, suggesting that notochord
precursor cells retain neural signaling capabilities in thesenuclei of all primary motoneurons, secondary motoneurons,
and VeLD interneurons (Figs. 4C and 4D). The possible embryos (Halpern et al., 1995). In the hindbrain of ntl em-
bryos, Lim3 expression is essentially normal. The apparentLim3 expression in any other spinal cord cell type was not
examined. Lim3-positive cells in the wild-type spinal cord increase in the number of Lim3-expressing cells in the spi-
nal cord suggests, however, that some aspects of nervousexhibit a clear segmental pattern along the anterior±poste-
rior axis and are restricted to a ventral±lateral position system patterning are altered in ntl embryos (Figs. 5A and
5B). This effect could be caused either by hyperproliferationwhich is well separated on both sides of the midline (Figs.
4C, 4D, and 4F). When 28-h embryos were double labeled of Lim3-positive cells, such as motoneurons, or inappropri-
ate expression of Lim3 in neighboring cells within the neu-with zn12 antibody, which recognizes the HNK1/L2 surface
antigen on most early neurons (Trevarrow et al., 1990; Met- ral tube. Nevertheless, important aspects of the normal pat-
FIG. 6. Expression of Lim3 in the pituitary anlage. Embryos were stained in whole mount, dissected from the yolk, and photographed
from a ventral view. The embryos are oriented so that anterior faces left, except in A where anterior faces up. The plane of focus cuts
through part of the ventral diencephalon. A±D, wild-type embryos; E and F, ¯h mutant embryos. (A) At the 21-somite stage, Lim3 is
present in approximately 8 cells, laterally on the left side of the anteriormost end of the neural tube. (B) At the 24-somite stage, cells on
both sides of the neural tube express Lim3 still in a lateral position. (C) By 28 h, Lim3-expressing cells have moved to the midline and
coalesced into the pituitary cluster. (D) An anterior view of a 28-h embryo. The optical section runs from the anterior edge of the pituitary
cluster through the epiphysis, with the diencephalon in the plane of focus. A stained cell can be seen slightly below the focal plane in
the epiphysis (arrow). The Lim3-positive cells of the pituitary cluster are one cell thick at the anterior edge. The staining in the eye lens
is not nuclear and is probably artifactual. (E,F) The same ¯h embryo shown at two magni®cations; since the enlarged pituitary was not
in one plane of focus at the higher magni®cation, F was assembled from two images of the same embryo (see E). When comparing the
wild-type embryo in C with the mutant in F, it is apparent that the ¯h pituitary is twice as large in the A/P dimension, but slightly more
compact in the L/R dimension; there are approximately twice as many Lim3-positive cells in the mutant than in the wild-type pituitary.
Scale bar is 50 mm except in E where it is 100 mm.
FIG. 7. Expression of Lim3 in the epiphysis is restricted to a subset of projection neurons. (A±C) Four to ®ve Lim3-expressing cells are
seen on each side of the midline in a ventrolateral position in the epiphysis of a 28-h embryo. (A) Dorsal view. (B) Lateral view. (C)
Anterior view. This optical section through the epiphysis, with the diencephalon in focus, is slightly deeper than in Fig. 5D. (D) Dorsal
view of a 2-day-old embryo. Whole-mount embryos were double labeled with anti-S-antigen (red) and anti-Lim3 (blue, nuclei). Four to
®ve projection neurons express Lim3 protein. Several cells, especially in the center of the epiphysis, express the photoreceptor marker,
S-antigen (arrow). By this stage several prominent melanocytes are seen. Scale bar is 50 mm.
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tern are conserved as demonstrated by two rows of Lim3- together at the same axial level, indicating that some ¯oor
plate-like cells are required for Lim3 expression (Figs. 5Dpositive cells being separated by the midline and largely
restricted to the ventral aspect of the neural tube. and 5F). It is likely that signaling by shh from the patchy
remaining ¯oor plate cells can induce ventral neural cellcyclops. A major defect in cyc embryos is the lack of
¯oor plate in the spinal cord and hindbrain, and the absence types like Lim3-positive motoneurons. However, other sig-
nals are missing that are needed to organize these cellsof ventral forebrain tissue resulting in fusion of the eyes.
cyc embryos have path®nding and fasciculation defects in across the midline and regulate their correct number and
positioning because the presence of MZ15-positive cellsthe spinal cord, hindbrain (Hatta et al., 1991; Bernhart et
al., 1992a; Patel et al., 1994), and in the anterior brain (Hatta does not restore midline organization and Lim3-positive
cells extend ventrally below the putative ¯oor plate cellset al., 1994). Additionally, a disruption of cell patterning in
the midbrain and a reduced number of midbrain ventral across the midline (Fig. 5E; compare to wild type in Fig. 4F).
Recently Beattie et al. (1997) examined the relationshipneurons and KA GABAergic spinal cord neurons has been
observed (Bernhart et al., 1992b). Despite these neuronal between midline signaling and motoneuron speci®cation in
the zebra®sh spinal cord. Our results are consistent withdefects in the hindbrain and spinal cord, Lim3 expression
patterns in these tissues appear essentially normal in cyc their analysis except that in ¯h mutants, we do not ®nd
Lim3-positive cells (motoneurons) without MZ15-stainingembryos (not shown). Signaling from the notochord may
compensate for the lack of ¯oor plate signaling, resulting cells (¯oorplate) nearby. This discrepancy could result from
the difference in the markers used, or might re¯ect techni-in correctly patterned Lim3-positive cells.
¯oating head. ¯h mutant embryos not only lack a differ- cal differences or variations among embryos. In spite of
these minor differences our results support the conclusionsentiated notochord but also develop somitic muscle in its
place and have defects in the ventral neural tube (Halpern of Beattie et al. (1997).
et al., 1995). Additionally, while ¯oor plate cells are present
in the midbrain, hindbrain, and anterior spinal cord, the
Lim3 Expression in the Pituitary¯oor plate is disrupted in the posterior trunk and tail, with
¯oor plate cells being variably located in discontinuous In the pituitary anlage, Lim3 expression precedes the for-
mation of a morphologically identi®ably pituitary cluster.groups, becoming fewer in number caudally. The ¯h gene
has been identi®ed as the zebra®sh homolog of Xnot, a ho- The ®rst Lim3-positive cells appear at the 21-somite stage,
on the left side, lateral to the midline and adjacent to themeobox gene expressed in the Xenopus organizer and noto-
chord (Talbot et al., 1995). anterior ventral diencephalon (Fig. 6A). This asymmetric
appearance of Lim3 was reproducible and pronounced atExpression of Lim3 in the spinal cord of ¯h mutant em-
bryos reveals a striking alteration in midline patterning this stage. By the 24-somite stage, Lim3-positive cells were
more abundantly detected on both sides of the neural tube,with a strong anterior±posterior gradient in severity. In the
hindbrain, Lim3 expression appears essentially normal, but and still positioned laterally (Fig. 6B). At 28 h the two lateral
Lim3-positive regions have fused into an oval-shaped ballthree different patterning defects were present along the
spinal cord that become more severe caudally. In the ante- of cells, the pituitary cluster (Figs. 6C and 6D). The Lim3-
positive pituitary anlage becomes denser and translocatesrior spinal cord Lim3-expressing cells are greatly increased
in number from the ®rst to the ®fth somite, but remain in caudally through the second day of development (not
shown). We did not examine stages of development lateran approximately normal ventrolateral position. This phe-
notype is similar to that in ntl mutants, suggesting that than 48 h.
The genesis of the pituitary in zebra®sh, and teleosts inthere is a disruption of a signaling mechanism that normally
limits the number of Lim3-positive cells. Around the ®fth general, has not been well documented. An analysis is im-
portant because several aspects of the origin, differentiation,somite there is a loss of midline separation between the
two columns of Lim3-positive cells and some of these cells and commitment of pituitary cells are still in doubt due to
apparent differences between mammalian, chicken, andcross the midline (Fig. 5C). The mechanism of this effect
is unclear since ¯oor plate cells and the major signaling frog pituitary development (reviewed in Dubois and ElAm-
raoui, 1995). Lim3 expression provides a valuable markermolecule produced by these cells, sonic hedgehog (shh), is
present in this region (Talbot et al., 1995). Further caudally, for the early stages of pituitary development, allowing for a
better comparison of pituitary development in all vertebratethe midline breaks down completely and regions lacking
Lim3-positive cells occur. Even farther along the tail, Lim3- species.
In mammals the pituitary is formed by the ectodermalpositive cells occur in disorganized clumps, while most of
the spinal cord in that region completely lacks Lim3-posi- involution called Rathke's pouch contacting the neuroec-
toderm of the ventral hypothalamus. Mouse Lhx3 (Lim3) istive cells (Fig. 5D). To determine if the lack of Lim3-positive
cells correlates with the presence of remnant ¯oor plate expressed in the early Rathke's pouch and continues to be
expressed in the anterior and intermediate lobes of the adultcells, ¯h mutant embryos were double labeled with the
MZ15 antibody, which labels keratin sulfate of the noto- pituitary gland (Seidah et al., 1994; Zhadanov et al., 1995a).
In mice with homozygous Lhx3 null mutation, Rathke'schord and apical surface of the ¯oor plate cells (Talbot et
al., 1995). MZ15 and Lim3-positive cells were always found pouch is formed but fails to grow and differentiate, leading
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to the absence of the anterior and intermediate lobes of the line structures (Hatta et al., 1994). However, the lack of
Lim3 expression implies that pituitary development in ze-pituitary (Sheng et al., 1996). This demonstrates a require-
ment for Lhx3 function in the speci®cation and/or prolifera- bra®sh is dependent on ventral neural structures.
tion of pituitary cell lineages. In the adult mouse pituitary,
Lim3-expressing cells constitute a large fraction of cell pop-
Expression of Lim3 in the Epiphysisulations that express growth hormone, thyroid-stimulating
hormone, prolactin, and luteinizing hormone (A.A.K. et al., Lim3 protein is ®rst detected in the epiphysis (pineal
gland) around 24 h and by 28 h is present in 4 to 5 cells onunpublished), implying that Lim3 is required for the main-
tenance as well as the differentiation of these major cell each side of the midline (Figs. 7A±7C). The caudal±ventral
position of these cells within the epiphysis is consistentlineages of the pituitary.
In Xenopus, recognition of a de®nitive pituitary anlage at with their identi®cation as projection neurons. To further
identify the cell types of the epiphysis we double-labeledthe tailbud stage is preceded by a stomodeal±pituitary an-
lage during the neurula period. Expression of Xlim-3 can be embryos with anti-Lim3 antibody and antibodies that iden-
tify photoreceptor cells. The zebra®sh monoclonal antibodydetected in the area of the stomodeal±pituitary anlage prior
to the time when the anlage can be recognized (Taira et al., FRet 43 (Larison and Bremiller, 1990) labels cells in the
medial±dorsal epiphysis in 28-h embryos that do not over-1993). A different view of early pituitary development in
the zebra®sh emerges from our studies on Lim3 expression lap with Lim3-positive cells (data not shown). At a later
stage (48 h), differentiating photoreceptor cells label within this animal. Lim3-positive cells are ®rst detected at about
the 21-somite stage, ®rst asymmetrically on the left side anti-S-antigen antibodies (van Veen et al., 1986). As seen
by double labeling in Fig. 7D, S-antigen-stained cells areand soon thereafter on both sides of the midline in a lateral
position. In situ hybridization shows that lim3 RNA pre- distinct from Lim3-positive cells. Interestingly, at 48 h
there are still only 4 to 5 cells expressing Lim3 in each halfcedes the appearance of protein by one hour or less. This
pattern differs from Xenopus, with zebra®sh Lim3 expres- of the epiphysis, whereas there are many more differenti-
ated projection neurons in the organ (Masai et al., 1997).sion being much later and initially in a lateral position. The
formation of the pituitary in zebra®sh as visualized by Lim3 Expression of Lim3 in the zebra®sh epiphysis is restricted
to the projection neurons. During epiphyseal developmentstaining is also different from that in mammals since the
®rst pituitary speci®cation does not occur in a structure in zebra®sh, postmitotic neurons are sequentially produced
from the 14-somite stage through the pharingula-stage em-homologous to Rathke's pouch, but rather in cells lateral
to the midline. Only later in development do the pituitary bryo, and differentiate into lateral ventral projection neu-
rons and medial dorsal photoreceptors (Masai et al., 1997).anlage cells converge at the midline to form a structure that
can be identi®ed morphologically as a pituitary anlage. At At 19±20 h postfertilization the axon from the ®rst projec-
tion neuron pioneers the dorsal±ventral diencephalic tractthis time, pituitary cells can also be identi®ed by an acetyl-
cholinesterase staining procedure (Wilson et al., 1990; Ross (DVDT), one of the early axonal tracts that make up the
simple scaffold of the embryonic brain (Wilson and Easter,et al., 1992). While it is likely that the basic mechanisms of
pituitary induction and differentiation have been conserved 1991a). Additional projection neuron axons enter the DVDT
at an initial rate of about one axon per hour (Wilson andamong vertebrates, the timing and the precise structures
involved appear to diverge substantially between different Easter, 1991b). Lim3 protein is ®rst detected in projection
neurons at about 24 h postfertilization, and by 28 h postfer-groups.
The expression of Lim3 in the pituitary region of the three tilization four to ®ve projection neurons on each side of the
midline express Lim3. Therefore, axon sprouting precedesaxial mutant embryos examined resulted in both expected
and unexpected results. As expected, in ntl embryos pitu- Lim3 expression, consistent with a view that Lim3 expres-
sion is linked to the path®nding phase of axiogenesis initary expression of Lim3 was similar to wild-type embryos.
However, in ¯h mutants Lim3 expression in the pituitary these neurons. At 48 h postfertilization there are still only
four to ®ve Lim3-positive projection neurons on each sideanlage is expanded in a caudal direction to approximately
twice the normal A/P dimension (Figs. 6E and 6F), sug- of the midline in the epiphysis. Two mechanisms could
explain this observation: one interpretation is that Lim3gesting that the ¯h gene product has a role in limiting the
size of this organ. Although in wild-type embryos the ¯h expression is transient in these cells, possibly functioning
at a particular stage of axonal path®nding or target recogni-gene is expressed in the embryonic shield, and later in the
region of the polster, the expression of anterior markers tion. Alternatively, Lim3 expression could be marking a
speci®c subset of the projection neuron population, al-such as goosecoid is unaltered in ¯h mutants, and the for-
mation of the polster, a prominent mass of prechordal plate though there is no independent evidence that such a sub-
population exists. The expression of Lim3 in the epiphysealcells, is also normal (Talbot et al., 1995). In contrast, our
results with Lim3 show that ¯h expression is involved in region of ¯h mutant embryos is somewhat enigmatic. The
¯h gene is required for neurogenesis to proceed in the epiph-the normal development of anterior structures such as the
pituitary. Finally, in cyc embryos Lim3 is absent from the ysis in that the ®rst few epiphyseal neurons are generated,
but then neuronal production ceases and the initial neuronsregion where the pituitary would develop. This is not sur-
prising since cyc mutants lack most anterior ventral mid- do not proceed to axiogenesis (Masai et al., 1997). Neverthe-
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Kimmel, C. B. (1997). Temporal separation in the speci®cationless, Lim3 expression appears normal in the epiphysis of ¯h
of primary and secondary motoneurons in zebra®sh. Dev. Biol.mutant embryos (not shown). The expression of Lim3 in
187, 171±182.these cells suggests that a regulatory pathway linked to
Bernhardt, R. R., Nguyen, N., and Kuwada, J. Y. (1992a). Growthpath®nding can function independently from axiogenesis.
cone guidance by ¯oor plate cells in the spinal cord of zebra®sh
embryos. Neuron 8, 869±882.
Bernhardt, R. R., Patel, C. K., Wilson, S. W., and Kuwada, J. Y.
CONCLUSION (1992b). Axonal trajectories and distribution of GABAergic spinal
neurons in wildtype and mutant zebra®sh lacking ¯oor plate
Lim3 marks highly speci®c cell groups in neural and neu- cells. J. Comp. Neurol. 326, 263±272.
roendocrine tissues. The generation of a normal pattern of Bertuzzi, S., Sheng, H. Z., Copeland, N. G., Gilbert, D. J., Jenkins,
N. A., Taira, M., Dawid, I. B., and Westphal, H. (1996). MolecularLim3-expressing cells requires midline-derived signals. In
cloning, structure, and chromosomal localization of the mousethe spinal cord, it appears that a signal from either the noto-
LIM/homeobox gene Lhx5. Genomics 36, 234±239.chord or ¯oor plate is suf®cient to lead to the differentiation
Brand, M., Heisenberg, C. P., Jiang, Y. J., Beuchle, D., Lun, K., Furu-of Lim3-expressing cells; however, additional signals may
tani-Seiki, M., Granato, M., Haffter, P., Hammerschmidt, M.,be required for proper patterning of these cells. In pituitary
Kane, D. A., Kelsh, R. N., Mullins, M. C., Odenthal, J., van Eeden,
development, analysis of Lim3 expression reveals a tran- F. J., and Nusslein-Volhard, C. (1996). Mutations in zebra®sh
sient left±right asymmetry in the anlage, and further sug- genes affecting the formation of the boundary between midbrain
gests that pituitary formation in zebra®sh differs temporally and hindbrain. Development 123, 179±190.
and spatially from the pattern in mammals and amphibians. Chitnis, A. B., and Kuwada, J. Y. (1990). Axonogenesis in the brain
of zebra®sh embryos. J. Neurosci. 10, 1892±1905.
Daston, M. M., and Koester, S. E. (1996). Transcriptional regulation
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